Ultra-precision machines are widely used to turn aspherical profiles on mould inserts for the injection moulding of optical lenses. During turning of a profile on a stainless steel mould insert, the cutting speed reduces significantly to 0 as the cutting tool is fed towards the center of the machined profile. This paper reports on experiments carried out to study the wear of uncoated, PVD-coated and CVD-coated carbide tools in the ultra-precision machining of STAVAX (modified AISI 420 stainless steel) at low speeds.
INTRODUCTION
Many mould inserts used for the injection moulding of optical lenses are fabricated from stainless steel with hardness of between 40 HRC and 55 HRC. Figure 1 shows the diagram of a stainless steel insert plated with electroless nickel (ENi). Mould inserts used for the injection moulding of CD and DVD optical lenses have aspherical profiles with a diameter of less than 5 mm machined on their surfaces. The aspherical profile on the base material of the insert (stainless steel) can be generated on an ultra-precision machine using a low-speed spindle (which can be operated up to 3000 rpm) or a high-speed spindle (which can be operated up to 10000 rpm). When a profile with a diameter of 5 mm is machined using a low-speed spindle, say at the maximum speed of 3000 rpm, the cutting speed reduces significantly from 47 m/min to 0 m/min as the cutting tool is fed towards the center of the profile. This underlines the need for investigating the wear behaviour of cutting tools at low cutting speeds. A change in the cutting speed can cause a change in both the strain hardening in the chip and the cutting temperature and hence the wear rate. After an aspherical profile is generated, the stainless steel insert is usually plated with electroless nickel so that an aspherical profile with a much higher form accuracy can be diamond turned on the insert. In ultra-precision machining, wear on both the flank and rake faces have proven to be crucial to the surface finish and dimensional accuracy [1, 2] . If the form accuracy of the aspherical profile generated on the stainless steel insert is low (due to tool wear), when a diamond tool is used to machine an aspherical profile on the ENi plating, it may machine through to the stainless steel, thus resulting in high tool wear. To achieve a high accuracy of profile on the stainless steel insert, tool wear must be kept to a minimum by using the appropriate tool type and machining parameters. In this study, experiments were carried out to study the performance of PVD and CVD-coated carbide tools in the ultra-precision machining of STAVAX at low cutting speeds and depth of cut. The wear characteristic of the cutting tool and the effectiveness of a mixture of liquid paraffin oil and cyclomethicone as lubricant were investigated.
EXPERIMENTAL PROCEDURE
Investigation on the wear of the uncoated and coated carbide tools in the machining of STAVAX (modified AISI 420 stainless steel with a hardness of 40 HRC) workpieces (composition by wt% 0.38% C, 0.9% Si, 0.5% Mn, 13.6% Cr, 0.3% V, balance Fe) was carried out by turning on a Precitech CNC ultra-precision machine without and with lubricant. This alloy is widely used as the moulding tool material on account of its high strength, corrosion resistance and machinability. A sprayed mixture of compressed air and a solution containing 93 vol% liquid paraffin oil and 7 vol% cyclomethicone was used as lubricant. The machining was conducted at the cutting speeds of 10, 20, 30 and 44 m/min. The feed rate and depth of cut was kept constant for all the tests at 5 µm/rev and 20 µm respectively. The tool inserts used in this work were AC2000 (Carbide tool grade K10 CVD-coated with 0.5 µm TiN, 5. designation CCGT 060204 (nose radius = 0.4 mm, clearance angle = 7°). The inserts were mounted on a commercial tool holder conforming to ISO designation SCLCR.
RESULTS AND DISCUSSION
The CVD-coated tool exhibited much higher flank wear V B than the PVD-coated tool (Fig. 2) . The lubricant was effective in reducing the flank wear. In the absence of lubricant, a decrease in the cutting speed from 44 m/min to 10 m/min resulted in a slight increase in the flank wear of the PVD-coated tools but a significant change in the wear mode on the rake face (Fig. 3) . The PVD-coated tools used to machine the workpieces for a distance of 440m without lubricant were examined using an EDX spectrometer system. A layer of coating was detected on the rake face of the PVD-coated tool adjacent to the cutting edge, suggesting that the coating on this region was not removed during machining. At some distance up the rake face, some coating material was removed. It is possible that the coating was removed by abrasion. At some distance from the tool edge, where sliding takes place or seizure is intermittent, abrasion is much more severe than that at the region adjacent to the immediate vicinity of the cutting edge where seizure occurs due to high stress concentration [3] . Over the seizure region where the normal stress is high, deformation occurs in the lower layer of the chip material. In other words, the contact area at this zone does not involve a severe rubbing of the coating material on the tool surface. This explains why the coating material at the tool edge is not removed when machining was carried out without lubricant. It was found that reducing the cutting speed from 44 m/min to 30 m/min resulted in the coating material on the rake face being removed at a higher rate and fine-scale fracture to occur at the tool edge. At the cutting speed of 20 m/min, fracture took place on the rake face. At 10 m/min, fracture and chipping of tool edge occurred. Fracture occurring at the tool edge caused the coating to be removed and the formation of a large cavity. A change in the effective tool geometry in turn resulted in the formation of discontinuous chips and the fluctuation of the cutting forces becoming more erratic. The increase in tool wear as the cutting speed was reduced could be attributed to an increase in the severity of abrasion and stress acting on the tool edge due to an increase in the shear strength in the flow-zone as a result of a temperature drop in the work material [3] . This explanation is in accord with the observation made in our previous study that increasing the hardness of the workpiece from 40 HRC to 55 HRC can cause fracture to take place on the rake face at 44 m/min [4] . It was found that the use of lubricant could prevent the formation of surface fracture on the rake face and reduce the amount of material being removed on the rake face.
Examination of the machining process using a CCD camera revealed that the CVD-coated tool vibrated rapidly, causing the flank face of the tool to continuously hammer the workpiece and thus extensive fracture to take place on the flank face (Fig. 4(a) ). The vibration was caused by the flow of the chips on the round edge of the tool which had an extremely negative angle. The use of lubricant was found to reduce the severity of surface fracture at the flank face (Fig. 4(b) ).
